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Hybrid heating systems with ground source heat pumps (GSHP) and district heating and cooling offer
flexibility in operation to both building owners and energy providers. The flexibility can be used to make
the heating system more economical and environmentally friendly. However, due to the lack of suitable
models that can accurately predict the long-term performance of the GSHP, there is uncertainty in their
performance and concerns about the long-term stability of the ground temperature, which has limited
the utilization of such hybrid heating systems. This work presents a hybrid model of a GSHP system that
uses analytical and artificial neural network models to accurately represent a GSHP system’s long-term
behavior. A method to improve the operation of a hybrid GSHP is also presented. The method was applied
to hospital buildings in northern Sweden. It was shown that in the improved case, the cost of providing
heating to the building can be reduced by 64 t€, and the CO2 emissions can be reduced by 92 tons while
maintaining a stable ground temperature.

� 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Heating and cooling account for half of the energy use in Europe
[1]. Two-thirds of the heating is still provided by fossil fuel based
boilers [2]. Therefore, the decarbonization of the heating and cool-
ing sector is an essential part of the strategy to reach the European
Union’s goal of reducing annual greenhouse gas emissions by 80%
compared to 1990. Electrification of heating and cooling through
heat pumps and district heating and cooling (DHC) are strategies
to achieve this goal [2,3]. In Sweden, both DHC and heat pumps
have a significant market share [4,5]. District heating is the domi-
nant heating option in urban areas, especially multi-family build-
ings, where about 90% of the heat comes from district heating
[4]. A variety of heat pumps is primarily used in suburban and rural
single-family buildings. According to [6], 20–25% of single-family
houses use a ground source heat pump (GSHP) system. Improve-
ments in heat pump technology and increasing efficiency of build-
ings have increased the competitiveness of GSHP systems in
markets typically dominated by district heating [6]. In recent years,
the number of GSHPs in larger residential and commercial build-
ings have increased and GSHP is considered as a serious competitor
to district heating and cooling [4,7].
However, if GSHP systems are considered as an asset in the dis-
trict heating and cooling networks, the GSHPs can be operated in
such a way that both the building owners and the energy utility
companies benefit from cooperation. There is a natural synergy
between heat pumps and district heating from combined heat
and power plants that makes the inclusion of heat pumps in dis-
trict heating and cooling networks advantageous [5]. GSHP sys-
tems, in particular, can be used to handle increased variation in
future energy systems by storing excess energy [8]. Several exam-
ples demonstrate that GSHP systems can increase the utilization of
waste heat [9], solar thermal energy [10,11], and wind energy [12].
Under the right conditions, hybrid GSHP and district heating and
cooling systems can be profitable for both building owners and
energy utility companies; therefore, energy companies should
specifically address such systems [13].

Buildings with multiple heating options have the flexibility to
choose the combination of the most beneficial heating options.
Determining the optimal distribution of load among the heating
options is not a trivial problem. There are several studies on the
design and operation of such systems [14–18]. Distribution of load
is particularly hard when GSHP is part of the heating system since
the heat extracted or injected into the ground can affect the perfor-
mance of the GSHP for many years. Therefore, the optimal opera-
tion of a GSHP system must consider the long-term stability of
the ground in addition to the short-term coefficient of performance
(COP).
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Nomenclature

rb Borehole radius (m)
H Active length of borehole (m)
D Ground water level (m)
K Thermal conductivity of the ground W(mK)�1

qCp Volumetric heat capacity (JK�1m�3)

Rb Borehole resistance (mKW�1)
Tug Undisturbed ground temperature (�C)
CompPower Electric power of the compressors (W)
HPCoolPower Cooling effect of the heat pump (W)
HPCoolmf

Flow rate in the cooling side of heat pump (m3/h)
HPHeatTout Outlet temperature of water from the heating side

of heat pump (�C)
HPCoolTin Inlet temperature of water for the cooling side of heat

pump (�C)
BY10Power Space heating load of building number 10 (W)
BY23Power Space heating load of building number 23 (W)
BYCoolTin Inlet temperature of HXC on the building side (�C)
BYCoolTout Outlet temperature of HXC on the building side (�C)
CoolTin Inlet temperature of HXC on the heat pump side (�C)
CoolTout Outlet temperature of HXC on the heat pump side (�C)
DHWPower Domestic hot water load (W)
DHWTout

Outlet temperature of domestic hot water from the
heat pump (�C)

BHATin Inlet temperature of Borehole group A (�C)
BHATout Outlet temperature of Borehole group A (�C)
BHBTin Inlet temperature of Borehole group B (�C)
BHBTout Outlet temperature of Borehole group B (�C)
BHAmf Flow rate of borehole group A (m3/h)
BHBmf Flow rate of borehole group B (m3/h)
ExcessTout Outlet temperature of HXH on the BHE side (�C)

BHAP Heat extraction rate of borehole group A (W)
BHBP Heat extraction rate of borehole group B (W)
CoolPower Cooling demand of the building (W)
U Overall heat transfer coefficient (Wm�2 K�1)
A Effective area of the heat exchanger (m2)
LMTD Log mean temperature difference (�C)
PowerBalanceCC Power balance of the cold circuit (W)
CoolTinReq Required value of CoolTin (�C)
DCoolTin Difference between required and predicted CoolTin (�C)
COPCool Coefficient of performance of heat pump for cooling
COPHeat Coefficient of performance of heat pump for heating
e Penalty cost for long term stability of the ground (€/

MWh)
BHP Heat extraction rate of borehole heat exchanger (W)

Abbreviations
GSHP Ground source heat pump
DHC District heating and cooling
COP Coefficient of performance
BHE Borehole heat exchanger
DST Duct storage
FLS Finite line source
ILS Infinite line source
ANN Artificial neural network
HXC Cooling heat exchanger
HXH Excess heat exchanger
SP1 Set Point 1
SP2 Set point 2
SP3 Set Point 3
MAE Mean absolute error
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Developing a borehole heat exchanger (BHE) model that is accu-
rate in both the long-term and short-term is challenging. The prob-
lem is generally solved by using a separate model for the ground
around the borehole, which represents the long-term behavior of
the ground, and for inside of the borehole, which represents the
short-term behavior. Many long-term models are based on a pre-
calculated non-dimensional response function for the BHE, called
g-function [19]. The g-functions can be calculated using several
analytical [20–25] or numerical models [26,27] with varying
degrees of accuracy and complexity. The g-function approach
assumes that all the boreholes are connected in parallel with a sin-
gle inlet temperature. Hence models that considered multiple
inlets were developed [28–31]. Short-term models are either based
on representing the inside as a network of thermal resistors and
capacitors [32–35] or by simplifying the heat transfer problem to
find the exact solution [36–41]. Numerical approaches have also
been used for short-term models [42,43], since these models do
not consider the interaction between the boreholes they are not
accurate in the long term. For a model to be accurate in both the
short and long term, long-term and short-term approaches can
be combined to represent the BHE.

During the optimization of heating systems with GSHP, many
studies ignore the variation in ground temperature by considering
the COP of the GSHP as a constant [14,16] or the ground tempera-
ture as constant [15]. Other studies ignore the long-term tempera-
ture variation in the ground using only short-term models [44] or
using empirical parameters from short experiments [45]. The per-
formance of the GSHP system will deteriorate over time if the load
of the BHE is not balanced, i.e., if the annual heat injected into the
2

BHE is not zero, which can make the load distribution sub-optimal
in the long term. Many studies represent the ground using duct
storage (DST) [43] model used in the commercial software TRNSYS
[11,46,47]. The DST model is limited as it does not include interac-
tion between the boreholes and hence cannot represent the long-
term behavior of the BHE, and it assumes a uniform distribution
of boreholes in a BHE. Rohde et al. [42] implemented a similar
model in Modelica and used it to optimize the supply temperature
of a heating system with BHE [48]. Other simple models for BHE
that do not consider the short-term behavior, like the finite line
source (FLS) model [17] and infinite line source (ILS) model [18],
have also been used. Few studies use an accurate representation
of both the ground and inside of the borehole. Ruiz-Calvo et al.
[49] presented a short-term model that was combined with a
long-term g-function model and implemented in TRNSYS. The
model was applied to compare operation strategies of a dual-
source heat pump, but a long-term simulation of the model was
not performed. Li et al. [50] used a combination of analytical g-
function and a resistance–capacitance model to represent a BHE.
They studied the feasibility of using water tanks and BHE to store
energy from a data center. They studied different scenarios but no
optimization was performed. Figueroa et al. [51] presented an
approach based on model predictive control with a long prediction
horizon to optimize a hybrid GSHP system. The approach divides
the total prediction time into short-term and long-term (shadow
cost) periods with larger time steps in the long-term period. The
application of such a model to larger installations may not be prac-
tical due to high computational time.
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Artificial neural network (ANN) are data-driven models that
consists of multiple layers of a simple processing unit called nodes
with weighted interconnections. ANNs use training data to learn
the relationship between the inputs and outputs in complex sys-
tems. The use of ANNs to model heating and cooling in buildings
has gradually increased in recent decades [52,53]. ANN has been
used to model GSHP systems [54–56] and BHE [57–59]. The
authors presented a hybrid analytical-ANN model for BHE that
can accurately represent both the short-term and long-term
behavior of the BHE [60]. We also showed that ANN models are
more accurate than typical empirical models of heat pumps when
data from actual operation is available [61].

The objective of the present study is to demonstrate the use of
models to improve the operation of GSHP systems operating in
parallel to DHC networks. We aim to improve the operation by
ensuring a balanced operation of the BHE. Therefore, we ensure
that the potential of the geothermal source does not decrease over
time. BHE are a major investment in a GSHP system, therefore pro-
tecting this investment and preventing deterioration of the GSHP
system performance is important. Additionally, we aim to reduce
the annual operating cost of heating and cooling the building from
the perspective of the energy provider. The perspective of the
energy provider was chosen since they supply the energy to the
building owner, hence a reduction in cost for the energy provider
can be transferred to the building owners too. By quantifying the
economic benefit and assuring good long-term operation of the
GSHP this study promotes better cooperation between the energy
company and the building owners. A case study of a hospital area
in northern Sweden is used. The heating and cooling demands of
the area are satisfied using a local GSHP and DHC network. A
description of the case study is presented in section 2. Sections
3.1–3.3 presents a description of the component models. Sec-
tion 3.4 presents a model for the entire GSHP system using an
ANN model for the heat pump and a hybrid analytical-ANN model
for the BHE. A method to distribute the load between the GSHP and
DHC network to reduce the operating cost of the energy company
while maintaining a stable temperature in the ground is presented
in section 3.5. The results of the study are presented in section 4
followed by a discussion of the results in section 5. The main con-
clusions of the study are presented in section 6.
2. Description of the installation

In this work, we have developed models and used them to opti-
mize the operation of a GSHP system at the university hospital in
Umeå, Sweden. The GSHP is used for both heating and cooling
along with the district heating and cooling network. The GSHP sys-
tem was designed to cover 95% of the cooling demand in the build-
ings (5 GWh) and 20% of the heating demand (7 GWh). The
designed heating and cooling load is 1124 kW and 964 kW, respec-
tively. Fig. 1(a) shows a schematic of the heating and cooling sys-
tem of the hospital area. GSHP is connected to the cooling
network of all the buildings in the hospital, while it is connected
to only two of the buildings in the hospital area for heating. Cooling
is a yearly demand in some areas of the hospital buildings, and
thus heating and cooling demands may occur simultaneously.

The GSHP system consists of 3 heat pumps and 125 boreholes.
Fig. 1(b) shows a schematic of the GSHP system. Two of the three
heat pumps are used for heating and cooling. Each of the two heat
pumps has four compressors operating in parallel. The third heat
pump is used for domestic hot water and for heating during the
coldest periods. A detailed explanation of the heat pumps can be
found in [61]. The boreholes are divided into two groups, A and
3

B, with independent fluid loops. The boreholes have a depth of
200/250 m, and the distance between the boreholes is 7 m. The
properties of the boreholes are summarized in Table 1, and further
details can be found in [63].

2.1. Modes of operation

Fig. 2 shows schematics of the GHSP-system in (a) heating
mode and (b) cooling mode. Note that the 3-way valve 3WVC is
completely open in heating mode and, therefore, not shown in
Fig. 2b. In the heating mode, the GSHP is controlled by the heating
demand, and cooling is a by-product. There are two heating modes;
BHE in parallel to the cooling heat exchanger (HXC), and BHE in
series to HXC. The BHE in parallel to HXC mode is used in winter
operation when the cooling emission from the heat pump is higher
than the cooling demand, and thus cold can be stored in the BHE.
The three-way valve (3WVC) adjusts the flow rate to HXC such that
the required temperature is maintained at BYCoolTin, which is typ-
ically 8 �C. The remaining flow is directed into the BHE, which
stores the excess cold. The BHE in series to HXC mode is used in
spring and autumn operations when the cooling demand is compa-
rable to the cooling emission from the heat pump. When BHE oper-
ates in series with HXC, the flow through HXC is controlled by
3WVC, but the entire mass flow is directed into the BHE. This oper-
ation will either inject or extract heat from the ground depending
on the inlet temperature and the ground temperature.

In the summer (cooling mode), the GSHP is controlled by the
cooling demand, the heat released is used for heating, and the
excess heat is stored in the ground by the heat exchanger, HXH.
The 3-way valve 3WVH controls the mass flow rate through HXH
to obtain the required outlet temperature from the heat pump at
HPHeatTout, which is typically 40 �C. The cooling operation also
has two modes; free cooling with active cooling mode and active
cooling mode. In the former case, the borehole group A is con-
nected to the heat exchanger HXH to absorb the excess heat, while
borehole group B is operating in series with the heat exchanger
HXC to provide free cooling. In the active cooling mode, both the
borehole groups are connected to the heat exchanger HXH and
the cooling demand is supplied by the heat pump alone.

Variable pumps control the flow rate in the heating and cooling
circuit. The speed of the pumps is decided based on the number of
compressors switched on in the heat pumps. Therefore, the flow
rate in the heating and the cooling circuit is decided based on
the compressor power levels. Separate circulation pumps control
the flow rate in the BHE. When the boreholes are connected to
the cooling side, the circulation pumps are controlled to minimize
the flow through the bypass BP. When the boreholes are connected
to the heating side through the heat exchanger HXC, the circulation
pumps are controlled to absorb the excess heat from the heat
pump and maintain the temperature at ExcessTout.

Thus, the GSHP-system has four modes, heating with BHE in
parallel to HXC, heating with BHE in series to HXC, free cooling
with active cooling, and just active cooling. The mode changes
from heating with BHE parallel to active cooling as the dominant
demand changes from heating to cooling. Fig. 3 summarizes the
switches between the modes of operation as the demand changes.

After the first few years of operation, the operator of the GSHP
observed that the temperature of borehole group A was increasing
over the years. Therefore, the operator decided to manually change
the mode from free cooling with active cooling to active cooling for
a few days in the summer to limit the increase in temperature.
Hence, from the summer of 2019, the active cooling mode was
used for a few days even if the criteria for shifting the mode were
not satisfied.



Fig. 1. (a) Heating and cooling system in the hospital area (b) Schematic of the GSHP system (adapted from [62]).

Table 1
Properties of BHE.

Property Value

Borehole radius (rb) 0.070 m
Borehole depth (H + D) 200 m/250 m
Ground water level (D) 10 m
Thermal conductivity of the ground (k) 3.4 W(mK)�1

Volumetric heat capacity of the ground
(qCp)

2.3 MJK�1 m�3

Borehole resistance (Rb) 0.08 mKW�1 (0.11 mKW�1 for
extraction)

Undisturbed ground temperature (Tug) 5.9 �C
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2.2. Measurements

The GSHP has been in operation since February 2016, and the
monitoring system was installed in January 2017. However, the
flow and energy meters for the borehole groups were installed in
March 2017. In this study, we used four years of monitored data
from the GSHP. Table 2 shows the list of measurements used in this
study, and Fig. 4 shows the positions of the sensors. Data from
other sensors were not used as they were either redundant or
irrelevant.
Fig. 2. Schematics of the GHSP-system in (a

4

The hourly average measured values from 2017-05-01 to 2021-
04-30 are used in this study. The period contains 35,064 h, but one
or more measures are faulty for a total of 4208 h. Therefore,
30,856 h of measured data is used. Some faults were detected by
manually examining the data; for example, the difference between
CoolTin and CoolTout was very low from 2020-12-12 to 2021-01-
21. Other irregularities in the data points were eliminated based on
some simple rules; for example, BYCoolTout must be greater than
CoolTin. The power from the power meter must be comparable to
the power calculated from the temperatures and the mass flow
rates. Note that HPCoolPower is considered as positive when the
heat pump extracts heat from the cooling circuit, and BY10Power
and BY23Power are considered positive when heat is transferred
from the heating circuit to the building.
3. Model description and optimization

We developed models for BHE, heat pump, and heat exchanger
(HXC) using the measured data. Each of the models was developed
independently. A model of the GSHP system was then developed
by combining the individual models. The system model was used
to optimize the operation of the GSHP system. The hybrid model
presented in [60] for the BHE was adapted and trained using the
measured data described in section 3.1. An ANN model for the heat
) heating mode and (b) cooling mode.



Fig. 3. Criteria for change in modes of operation.

Table 2
List of measurements used in this study.

Component Measurement Description Units Position in Figure

Heat pump CompPower Electric power of the compressors kW 1
HPCoolPower Cooling effect of the heat pump kW 2
HPCoolmf Flow rate in the cooling side of heat pump m3/h 3
HPHeatTout Outlet temperature of water from the heating side of heat pump �C 4
HPCoolTin Inlet temperature of water for the cooling side of heat pump �C 3

Heating BY10Power Heating load of building number 10 kW 5
BY23Power Heating load of building number 23 kW 5

Cooling BYCoolTin Inlet temperature of HXC on the building side �C 6
BYCoolTout Outlet temperature of HXC on the building side �C 7
CoolTin Inlet temperature of HXC on the heat pump side �C 8
CoolTout Outlet temperature of HXC on the heat pump side �C 9

Domestic hot water production DHWPower Domestic hot water load kW 10
DHWTout Outlet temperature of domestic hot water from the heat pump �C 11

Borehole heat exchanger BHATin Inlet temperature of Borehole group A �C 12
BHATout Outlet temperature of Borehole group A �C 13
BHBTin Inlet temperature of Borehole group B �C 14
BHBTout Outlet temperature of Borehole group B �C 15
BHAmf Flow rate of borehole group A m3/h 12
BHBmf Flow rate of borehole group B m3/h 14

Excess heat exchanger ExcessTout Outlet temperature of HXH on the BHE side �C 16

Fig. 4. Schematic of measurements of the GSHP-system.
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pump is presented in section 3.2, and section 3.3 describes the
model for the heat exchanger HXC based on an LMTD approach.
The procedure to combine the individual models into a system
model is described in section 3.4. The method to optimize the oper-
5

ation of the GSHP using the system model is described in section
3.5.
3.1. BHE model

The model for the BHE is based on the hybrid analytical ANN
model presented by the authors in [60]. The model uses an analyt-
ical model with a time resolution of 1 day as an input to an ANN
model, which predicts the heat injected/extracted into/from the
ground by each borehole group with a time resolution of 1 h. The
inputs of the ANN model used to predict the power of the borehole
at time step t to t+1 are represented in Fig. 5. A detailed description
of the model and comparison of the model’s performance com-
pared to other models is available in [60].

The model used in this study has a few minor changes com-
pared to the one presented in [60]. In [60], an ensemble of 15 net-
works was used to improve the model’s accuracy. However, in this
study, we decided to use a single network instead of the ensemble
as the increase in accuracy of the model was not sufficient to jus-
tify the additional computational time required to run 15 ANN net-
works. The input vectors, containing all 37 inputs of the ANN
model were randomly sorted into training and validation sets.
80% of the input vectors were sorted into the training set and the
other 20% was sorted into the validation set.



Fig. 5. Inputs and output of ANN model of BHE represented on a timeline (adapted from [60]).
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3.2. Heat pump model

The GSHP system has three heat pumps; a detailed description
of the heat pumps and their models were presented in [61]. ANN
models were compared with regression models in [61]. However,
in this study, we used one ANN to model the combined output
from all three heat pumps, which reduces the complexity of the
model. The value of interest is the total power of the compressors
(CompPower), which was chosen as one of the two outputs of the
ANN model. Even though the heat pump consists of on/off com-
pressors. The compressor power is assumed a continuous variable
since there are 10 compressors in the GSHP and we are using a rel-
atively low time resolution of 1 h. The power of the compressors
determines the mass flow rates in the heating and cooling circuit.
Hence, the rate of mass flow on the cooling side, HPCoolmf, was
chosen as the other output of the ANN model.

We developed two models for the heat pump, one for heating
mode and the other for cooling mode. The inputs of the heat pump
model for the heating mode are heat produced by the heat pump
(HPHeatPower), HPHeatTout, DHWPower, DWHTout, HPCoolTin,
and mode number. Mode number is a number used to represent
the mode of the GSHP. In heating mode, HPHeatPower is equal to
the sum of BY10Power and BY23Power. The heat pump model
for the cooling mode uses HPCoolPower as the input instead of
HPHeat power.

The non-faulty measured data were randomly divided into
training, validation, and testing sets. 70% of the data was used for
training, 15% for validation, and 15% for testing. The number of hid-
den nodes was chosen by increasing the number of nodes until the
validation error increased with an increase in the number of hidden
nodes. ANN architectures with 1 and 2 hidden layers were tried.

3.3. Heat exchanger model

HXC is a counter flow plate heat exchanger, with the cooling cir-
cuit of the heat pump on one side and the cooling circuit of the
building on the other. The following equations give the heat trans-
fer in the heat exchanger.

CoolPower ¼ U � A� LMTD ð1Þ

CoolPower ¼ Coolmf � CoolCp� ðCoolTout � CoolTinÞ ð2Þ

CoolPower ¼ BYCoolmf � BYCoolCp� ðBYCoolTin
� BYCoolToutÞ ð3Þ
6

where, CoolPower is the cooling demand of the building, U is the
overall heat transfer coefficient of the heat exchanger, A is the effec-
tive area of the heat exchanger, LMTD is the log mean temperature
difference given by equation (4), Coolmf and BYCoolmf are the mass
flow rates on the heat pump side building side respectively. Cool-
Power is positive when heat is transferred from the building to
the cooling circuit of the heat pump.

LMTD ¼ BYCoolTin� CoolToutð Þ � ðBYCoolTout � CoolTinÞ
lnðBYCoolTin�CoolTout

BYCoolTout�CoolTinÞ
ð4Þ

The overall heat transfer coefficient U depends on the mass flow
rates, Coolmf and ByCoolmf. The dependence of U � A on Coolmf
and ByCoolmf can be approximated by equation (5). Equation (5)
was derived based on the empirical expression in [64].

U � A ¼ 1
a

BYCoolmf 0:8289
þ b

Coolmf 0:8289
þ c

ð5Þ

The coefficients a, b and c were calculated by fitting equation
(5) to the measured value.

The values of CoolPower, BYCoolTin, and BYCoolTout can be
obtained from the cooling demand of the building. BYCoolmf was
calculated using equation (3). In the cooling mode, Coolmf was
obtained from the heat pump model, and CoolTout and CoolTin
were calculated using equations (1) and (2). While in the heating
mode, CoolTin was obtained from the heat pump model, and
CoolTout and Coolmf were calculated from equations (1) and (2).

3.4. System model

The BHE, the heat pump, and the heat exchanger models were
used to make a model for the whole GSHP system. Fig. 6 shows
the main steps of the systemmodel. The model’s inputs are heating
and cooling loads of the building, the temperature requirements
and the thermal history of the BHE before the start of the simula-
tion period.

The model uses the inputs to calculate the state of the GSHP at
each time step. The model assumes a balance of power in the heat-
ing and cooling circuits at each 1-hour time step. In the heating
modes, the borehole groups A and B are connected to the cooling
circuit. In the free cooling with active cooling mode, borehole
group A is connected to the heating circuit while borehole group
B is connected to the cooling circuit. In active cooling mode, both
the borehole groups are connected to the heating circuit. Therefore,
three different models were created for the three configurations
based on power and mass balance. The models for the three config-



Fig. 6. Flow chart showing the steps of the system model.
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urations are presented in sections 3.4.1–3.4.3. The power of the
borehole calculated in step 2 is used to update the thermal history
of the BHE. The thermal history is included in the hybrid BHE
model using 24-hour thermal history and the outputs of the ana-
lytical model as shown in Fig. 5. The 24-hour thermal history is
updated every hour. However the output of the analytical model
is updated every after every 24 h since the analytical model has
a time step of 24 h. The mode of the system for the next time step
is then estimated based on the state of the system in the current
time step as described in section 3.4.4.

3.4.1. Heating
In heating mode, the heat pump operates to satisfy the heating

demand. The inlet temperature of the cool side of the heat pump
(HPCoolTin) is determined from the power balance for the cold cir-
cuit using an iterative process, as shown in Fig. 7. The heat pump
model outputs HPCoolmf and CompPower. Outlet temperature
from the cool side of the heat pump (CoolTin) is then calculated
using equations (6) and (7).
Fig. 7. Flow chart for GS

7

HPCoolPower ¼ HPHeatPower � CompPower ð6Þ

CooTin ¼ HPCoolTin� HPCoolPower
HPCoolmf � Cp

ð7Þ

Coolmf and CoolTout are then calculated using the heat exchan-
ger model of section 3.3. The inlet temperature and the mass flow
rate of the BHE depend on the mode of the GSHP. For heating with
BHE in parallel to HXC mode, the inlet temperature (BHTin) and
mass flow rate (BHmf) are:

BHTin ¼ CoolTin ð8Þ

BHmf ¼ HPCoolmf � Coolmf ð9Þ
For heating with BHE in series to HXC, the inlet temperature

(BHTin) and mass flow rate (BHmf) are:

BHTin ¼ Coolmf � CoolTout þ ðHPCoolmf � Coolmf Þ
� CoolTin ð10Þ
HP in heating mode.



Anjan Rao Puttige, S. Andersson, R. Östin et al. Energy & Buildings 264 (2022) 112065
BHmf ¼ HPCoolmf ð11Þ
The BHE model is run with the above inputs to obtain the power

injected/extracted from the BHE. The power balance of the cooling
circuit (PowerBalanceCC) is then calculated according to equation
(12).

PowerBalanceCC ¼ HPCoolPower � CoolPower � BHAP

� BHBP ð12Þ
HPCoolTin value is updated to minimize PowerBalanceCC until

PowerBlanceCC reaches a specified value e.

3.4.2. Free cooling with active cooling
In free cooling with active cooling mode, the cooling load deter-

mines the power supplied by the heat pump. However, the cooling
from the heat pump (HPCoolPower) is lower than cooling load
(CoolPower) since free cooling satisfies a part of the cooling
demand. Therefore, both HPCoolPower and HPCoolTin are
unknown and must be iteratively determined, by the procedure
shown in Fig. 8.

In cooling mode, HPCoolPower is adjusted to obtain the neces-
sary temperature at BYCoolTout. The model represents this by
adjusting HPCoolPower was adjusted to obtain the required Cool-
Tin (CoolTinReq). The difference between CoolTinReq, obtained
using the heat exchanger model, and CoolTin from the heat pump
is minimized iteratively.

DCoolTin ¼ CoolTin� CoolTinReq ð13Þ
The inlet temperature and mass flow rate of borehole group B

are CoolTout and HPCoolmf, respectively. Borehole group A is con-
nected to HXH. The excess heat from the heat pump is injected into
borehole group A, hence BHAP is calculated from the power bal-
ance equation of the heating circuit. BHATin is maintained at the
temperature set by the external controller. BHAmf and BHBP are
calculated using the BHE model with the above inputs. Finally,
the power balance of the cooling circuit is calculated according
to equation (14).

PowerBalanceCC ¼ HPCoolPower � CoolPower � BHBP ð14Þ
HPCoolTin and HPCoolPower are adjusted to minimize.

PowerBalanceCC þ f � DCoolTin ð15Þ
where f, is a weight factor chosen to equal importance to PowerBa-
lanceCC and DCoolTin.
Fig. 8. Flow chart for GSHP in free co
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3.4.3. Active cooling
In active cooling mode, the total cooling power is provided by

the heat pump. Therefore, only HPCoolTin needs to be iteratively
determined, as shown in Fig. 9. CompPower and HPCoolmf are
determined from the heat pump model. CoolTin and CoolTinReq
are calculated using equations (1), 2, 6, and 7, using the same pro-
cedure as free cooling with active cooling mode. HPCoolTin is then
updated to minimize DCoolTin.

Both the borehole groups are connected to HXH in active cool-
ing. The total borehole power is calculated from the power balance
equation of the heating circuit and the inlet temperature of the
BHE is a set temperature. The mass flow rate of borehole group A
(BHAmf) is also fixed at maximum pump speed, while the mass
flow rate of borehole group B (BHBmf) is controlled such that the
combined power of the two boreholes is equal to the excess heat
from the heat pump. The BHE model is used to calculate the distri-
bution of borehole power (BHP) between the borehole groups and
BHBmf.

3.4.4. Selection of mode
The mode of the GSHP is selected based on the state of the GSHP

in the previous time step. The mode of the GSHP is changed from
heating with BHE in parallel to HXC to active cooling as the cooling
load increased and vice versa as the heating load increases, similar
to the actual operation. The criteria for changing the mode were
selected to simulate the real operation, as shown in Fig. 10. In
actual operation, the mode switches from heating with BHE in par-
allel to HXC to heating with BHE in series to HXC if the cooling load
increases and the valve opens beyond a threshold value. In the sim-
ulation, the mode is changed when the ratio of CoolPower to
HPCoolPower is over a threshold value, SP1. Similarly, the mode
changes from heating with BHE in series to HXC to heating with
BHE in parallel to HXC when the ratio of CoolPower to HPCool-
Power is below a threshold value SP3. The threshold values SP1
and SP3 were selected to minimize the misclassification of the
mode for the measured values. The mode changes from heating
with BHE in series to HXC to free cooling with active cooling mode
when the heat pump cannot provide sufficient cooling; hence the
cooling load controls the heat pump. This is represented in the sim-
ulation when the HPCoolPower is not sufficient, and hence the
power balance in the cooling circuit cannot be satisfied. The change
in mode from free cooling with active cooling to heating with BHE
in series to HXC occurs when excess heat is not required to satisfy
the cooling demand, i.e., when ExcessHeat is zero. The active cool-
oling with active cooling mode.



Fig. 9. Flow chart for GSHP in active cooling mode.

Fig. 10. Criteria for selection of mode.
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ing mode was selected manually in the simulation since the oper-
ator selected the active cooling mode manually for a few days of
the year manually after July 2019.
3.5. Operation optimization

The operation of the GSHP system was improved using the val-
idated model. The operation of the GSHP system was improved by
changing the heating and cooling load distribution between the
GSHP-system and the DHC network. The main constraint in this
study is to have a balanced operation of the BHE to ensure a sus-
tainable operation of the GSHP system. The objective of the study
is to reduce the yearly operation cost from the point of view of
the energy company (Umeå Energi AB).

The cost was reduced by maximizing the utilization of the
cheapest source of heating/cooling at every time step while ensur-
ing a balanced operation of the BHE. To ensure long-term a bal-
anced operation of the BHE, a penalty variable e was used to
modify the threshold for choosing the heat source. We defined
two modes of operation for the GSHP, base, and max. The GSHP
is considered to be operating in the base mode when an increase
in the power of the heat pump (CompPower) results in an increase
in both CoolPower and SHPower. In the cooling mode, the GSHP is
in base mode if the ExcessHeat is zero, and in the heating mode,
9

the GSHP is in base mode if BHAP and BHBP are greater than zero.
The GSHP is considered to be in max mode if the GSHP is operating
at maximum power or if the GSHP meets both the heating and the
cooling demand of the building.

The cheapest source of heating/cooling is determined by com-
paring the variable cost of producing the marginal district heating
or cooling with the variable of electricity that will be used by the
GSHP to replace the district heating or cooling. In the max mode,
the marginal CompPower is used to substitute district heating in
the heating mode and district cooling in the cooling mode. There-
fore, the GSHP is operated in max mode if the inequality 16 or 17
are satisfied; else, the GSHP is operated in base mode. The penalty
variable e was selected by trial and error until the difference
between the average borehole wall temperature of the first year
and the last year for the 50 year simulation was less than 1 �C.

In heating mode
Marginal cost of elecrticity

COPHeat
þ �

< Marginal cost of district heating ð16Þ

In cooling mode
Marginal cost of elecrticity

COPCool
� �

< Marginal cost of district cooling ð17Þ
where,
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COPHeat ¼ SHPower
CompPower

ð18Þ

COPCool ¼ CoolPower
CompPower

ð19Þ

The marginal electricity comes from the regional grid since the
company does not generate the majority of its electricity. The mar-
ginal district heating and cooling is supplied by the unit with the
lowest priority among the different units operating at a particular
time.

The energy company provided the variable operating cost of
each facility for district heating and cooling. The energy company
also provided the information on the facility with the least priority
operating at each hour for 4 years. Table 3 shows the variable oper-
ating cost, CO2 emissions, and the fuel of each facility in the order
of priority assigned by the energy company. The cost includes the
fuel cost and the taxes associated with it. The distribution loss of
district heating and cooling was included by multiplying the cost
by a loss factor (see Fig. 11). The size of the loss factor depends
mainly on the load and its variation over the year and the outdoor
temperature. Therefore, different loss factors are used for each
month of the year based on the losses reported by the energy com-
pany. The marginal cost of electricity was calculated as the hourly
spot price of electricity for the regional grid, [65], plus transmission
cost and taxes obtained from the energy provider. The marginal
CO2 emissions for electricity is considered as 350 kg/MWh.

The district heating and cooling demand of the hospital was
obtained from the energy meters. The hospital consists of many
buildings with different efficiencies. Some of the older buildings
in the hospital require a higher supply temperature for heating.
Hence the GSHP system cannot provide heating for such buildings.
This study will only consider the district heating demands of the
newer buildings which can be connected to the GSHP. This repre-
sents 30% of the total heating demand of the hospital.

The model is simulated for the next year, i.e., from May 2021 to
April 2022. This implies that the BHE model considers that the
temperature of the ground is in the present condition, i.e, May
2021. To evaluate the long term of the GSHP, we used a 50-year
simulation of the BHE using only the low time resolution analytical
model and not the hybrid model since the analytical model is suf-
ficient to estimate the long-term response of the ground. We used
Table 3
Marginal variable production cost and CO2 for heating and cooling production units in the

Production unit Fuel Relative p

District heating
Boiler 1 Waste 1.00
Boiler 2 Biomass 3.41
Boiler 3 Biomass 3.02
Heat Pump 1 Electricity El
Boiler 4 Biomass 5.32
Heat pump 2 Electricity El
Heat pump 3 Electricity El
Boiler 5 Biomass 5.80
Electric heater 1 Electricity El
Electric Heater 2 Electricity El
Boiler 6 Oil 21.59
Boiler 7 Bio-Oil 15.18
Boiler 8 Oil 20.75
Boiler 9 Oil 20.75
Boiler 10 Oil 21.29
District Cooling
Free Cooling Air 0
Free Cooling river 0
Absorption cooler District heating DH
Compression cooler 1 Electricity El
Compression cooler 2 Electricity El
Compression cooler 3 Electricity El
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the monthly average of the ground loads from the 1-year simula-
tion of the GSHP system as the input to the analytical model. The
change in the borehole wall temperature was used as a measure
to evaluate the sustainability of the operation of the GSHP system.

The results of the simulation were compared with the existing
scenario. The inputs for the existing scenario were calculated as
the average of four years of measured data, i.e., the hourly inputs
are calculated as the weighted average of the four years, with a
zero weight for faulty measured data and one for the non-faulty
measured data.

4. Results

The results of the individual models for the BHE, heat pumps,
and heat exchanger are presented in section 4.1. The validation
of the system, by comparing it with the field measurements is pre-
sented in section 4.2. Section 4.3 and 4.4 describe the results of
modified operation of the GSHP system. The existing scenario,
which will be used as a reference, is presented in Section 4.3.
The improved scenario with a reduced cost and a balanced opera-
tion of BHE is presented in section 4.4.

4.1. Individual models

The deviation of the hybrid BHE model compared to the mea-
sured data is shown in Table 4. The model has a mean absolute
error (MAE) of 15.91 kW, corresponding to a relative MAE of
4.24% (i.e., compared to the average absolute load). The error is
similar to [60], which had a relative MAE of 3.54%.

Two models were developed for the heat pump, summer and
winter. The measured data were divided into training, validation,
and testing sets, with 70%, 15%, and 15% of the points, respectively.
The number of nodes of each model was selected based on the val-
idation error. A network with two hidden layers with 35 and 30
nodes in each layer was selected for the heating and cooling mode
models, respectively. The deviation of the selected models is
shown in Table 5.

The heat exchanger model was calibrated by fitting the coeffi-
cients of equation (5) using the measured data. Values of U � A
were calculated from equation (20) by:
district heating and cooling network.

roduction cost Relative CO2 production COP

1.00
0.12
0.12
3.47 3.4
0.12
3.47 3.4
3.47 3.5
0.12
3.47
3.47
2.88
0.59
2.88
2.88
2.88

0
0
DH 0.7
3.47 2.75
3.47 3.25
3.47 3.25



Fig. 11. Loss factor for different months of the year.

Table 4
Deviation of the BHE model.

MAE (kW) % error MAE (kW) % error MAE (kW) % error

15.9 4.2 15.6 4.2 17.0 4.6
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U � A ¼ CoolPower
LMTD

ð20Þ

The log mean temperature difference (LMTD) was calculated
from the measured temperatures, using equation (4). CoolPower
was calculated from the power balance of the cooling circuit of
the heat pump. The power balance equation depends on the mode
of the GSHP. Equations 21–23 shows the power balance equations
for different modes.

For Heating HPCoolPower ¼ CoolPower þ BHAP þ BHBP ð21Þ

For Free Cooling with Active Cooling HPCoolPower

¼ CoolPower þ BHBP ð22Þ

For Active CoolingHPCoolPower ¼ CoolPower ð23Þ
The measured values for BYCoolmf and Coolmf were calculated

from equations (3) and (2), respectively. The R2 of the fit for U � A
was 0.8721, and the MAE of the fit was 32.86 kW/�C, which is 17.6%
of the average value of U � A.

4.2. Validation of system model

The GSHP model was validated using the measured data from
May 2017 to April 2021. The heating and cooling demand of the
building and the required temperatures were the inputs to the
model. The MAE for CompPower is 14.85 kW, which is 7.3% of
Table 5
Error of the selected heating and cooling mode models.

Train Validation

MAE (kW) % error MAE (kW)

Winter CompPower 7.5 3.7 7.8
HPCoolmf 1.2 3.0 1.3

Summer CompPower 8.8 4.3 8.7
HPCoolmf 1.3 3.1 1.3
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the average CompPower. Fig. 12 shows the moving average of devi-
ation between the measured and simulated values of CompPower
and the moving average of the measured CompPower. The figure
shows that the predicted CompPower has a good agreement with
the measured CompPower. The average simulated CompPower is
3.2 kW lower than the measured value. The error is higher for cool-
ing mode compared to heating mode. The relative MAE is 12.0% in
cooling mode compared to 5.8% in heating mode. The simulation
had a run time of about 9 h on a standard computer with 16 GB
RAM and a 3.4 GHz Intel i7 processor.

Fig. 13 shows the moving average of the deviation between the
measured and simulated power extracted by the BHE (BHP) and
their absolute values. The MAE of the BHP is 71.3 kW, which is
19.1% of the mean absolute of BHP. The mean bias error is
�47.0 kW, i.e., the simulation overestimates the heat injected into
the ground. The relative MAE for heating and cooling mode is 14.0%
and 23.8%, respectively. Fig. 13 shows that measured and simu-
lated values of BHP have a good agreement. However, the MAE is
4.5 times higher than the MAE of the individual BHE model. Some
of the reasons for the deviation are discussed in section 5.

4.3. Existing operation

The results of simulating the existing scenario of the GHSP sys-
tem is presented in this section. In this scenario, the average Comp-
Power is 195.6 kW (the compressor power at design condition is
300 kW. The hospital gets 45.6% of the heating load and 8.4% of
Test Total

% error MAE (kW) % error MAE (kW) % error

3.8 7.5 3.7 7.6 3.7
3.2 1.3 3.3 1.3 3.1
4.3 8.8 4.3 8.8 4.3
3.2 1.4 3.3 1.3 3.2



Fig. 12. Measured and simulated values of compressor power along with deviation.

Fig. 13. Measured and simulated values of BHE load along with deviation.
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the cooling load is from the DHC network. The moving average of
the percentage of heating and cooling loads covered by the GSHP
is shown in Fig. 14. As expected, the GSHP covers almost all of
the cooling load in winter, and the percentage decreases in sum-
mer when the cooling load is too high for the GSHP to cover the
entire load. Similarly, the GSHP covers a majority of the heating
load in summer and a smaller part in winter.

In the existing scenario, the total marginal cost is 322 t€ and the
total marginal CO2 emissions is 1220 tons per year. The annual
imbalance in the ground load is �0.99 GWh, i.e., 0.99 GWh of
energy is injected into the ground every year. Fig. 15 shows the
borehole wall temperature of the two borehole groups from the
start of the modeled operation during 50 years. The borehole wall
temperature will increase over the years. An increase in ground
temperature will reduce the ability of the BHE to inject heat into
the ground; hence the present scenario is not a sustainable way
to operate the GSHP. This has already been observed in practice
during the last few years. The operation of the GSHP has been mod-
ified since the ability of the GSHP to operate in free cooling with
active cooling mode was observed to reduce over the years. Based
on the simulation, the average borehole wall temperature was esti-
mated to increase by 12 �C in 50 years compared to the initial tem-
perature during the first year of operation.
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4.4. Improved operation

The operation cost of the GSHP can be minimized in the short-
term by setting the penalty variable (e) as zero. However, this is
not sustainable in the long term as the temperature of the ground
will decrease over time, as shown in Fig. 16. Therefore, to make the
operation of the GSHP system sustainable, we must reduce the
threshold for the GSHP to be in max mode in cooling mode and
increase the threshold in the heating season. We did this by choos-
ing positive numbers for e.

The value of e was adjusted until the change in average bore-
hole wall temperature between the first year of operation and
50 years from now was less than 1 �C. Fig. 16 shows the variation
of annual marginal cost and the change in Tb during 50 years with
e. The change in borehole wall temperature (Tb) was less than 1 �C
for a value of 7.5 €/MWh. Hence, e was chosen to be 7.5 €/MWh.
The annual marginal cost is 257 t€ for this case.

Fig. 17 shows the 30-day moving average of the percentage of
heating and cooling load covered by the GSHP system. The GSHP
system covers 69.6 % of the total annual heating demand and
96.8% of the cooling demand. The GSHP operates in the max mode
for 68.1% of the time, resulting in an average CompPower of
232.1 kW.



Fig. 14. Percentage of demand covered by GSHP in the present case.

Fig. 15. Change in borehole wall temperature for the next 50 years for the present case.

Fig. 16. Variation of change in borehole wall temperature and annual cost for different values of e.
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Fig. 18 shows that the annual average temperature of the
ground is stable throughout the lifetime of the GSHP-system.
Hence, the system can be operated in the improved scenario
throughout the lifetime of the GSHP. The annual marginal cost is
257 t€, and the annual marginal CO2 is 1128 tons for the improved
scenario. Therefore, the annual cost of heating and cooling the
buildings will reduce by 64 t€, and the annual CO2 produced will
reduce by 92 tons.
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Table 6 shows a summary of results from the improved scenario
and compares it with the existing scenario. The percentage of
annual heating covered by the GSHP system increases from 54%
to 70% in the improved operation case. The annual cooling covered
by the GSHP increased slightly from 92% to 97%.

From the BHE energy balance we see that in the current sce-
nario the heat extracted from the ground the higher than the heat
injected, even though the operational cost can be reduced by



Fig. 17. Percentage of demand covered by GSHP in the optimal case.

Fig. 18. Change in borehole wall temperature for the next 50 years for the optimal case.
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increasing the use of GSHP. This highlights the need for modeling
of existing GSHP systems. A good model can be used to make the
operational strategy of a GSHP system more sustainable and
economical.
Table 6
Comparison of results from different operation scenarios.

Existing
Operation

Improved
Operation

Annual Heating GSHP (GWh) 5.0 6.4
DH (GWh) 4.2 2.8
% covered by GSHP 54% 70%

Annual cooling GSHP (GWh) 4.3 4.5
DH (GWh) 0.4 0.1
% covered by GSHP 92% 97%

GSHP Electricity (GWh) 1.7 2.0
BHE balance Yearly imbalance (GWh) �1.0 �0.1

50 year temperature
change (�C)

12 0.15

Annual Marginal Cost Electricity (t€) 126 150
DH (t€) 189 105
DC (t€) 8 3
Total (t€) 322 257

Annual Marginal CO2 Electricity (tons) 600 712
DH (tons) 614 416
DC (tons) 6.8 0
Total (tons) 1221 1128
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5. Discussion

This study demonstrates that accurate models of components of
a heating system can be developed using measured data. Sec-
tion 4.1 shows that MAE of 4.2% can be achieved using the hybrid
model for BHE and that the ANN model of the combined heat
pumps can accurately predict both the power (MAE 3.8%) and flow
rate (MAE 3.1%) in the heat pump. The models developed are not
only accurate but also simple enough to be used as components
in a complex system.

The borehole heat exchanger, heat pump, and heat exchanger
models were used to represent the operation of a GSHP that has
been monitored for four years. The system model was validated
using four years of measured data. Section 4.2 presents the results
of the validation. The simulation represents the actual performance
accurately with a reasonable computational time. The MAE for
CompPower was 7.8%, and the MAE for the power of the BHE
was 19.1% and the computational time for simulating 4-year oper-
ation was approximately 9 h.

Although the error in CompPower is low, the error in the power
of the BHE is considerably higher than the error of the individual
BHE Model. This implies that the deviation is due to the error in
calculating the inputs of the BHE model. One of the sources of error
is the heat exchanger model, and the fitted U � A value has an MAE
of 17.6%. The heat exchanger model is used to calculate the CoolT-
out, which affects the inlet temperature of the boreholes. The inlet
temperature of the boreholes also depends on the mode of the
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GSHP. Hence an error in recognizing the mode of the GSHP will
affect the performance of the BHE model. The mode determined
from the measured data does not match the simulated mode for
16.4% of the points. The MAE for these points is 100.1 kW com-
pared to 65.7 kW for the rest of the points, which implies that an
erroneous mode selection increases the deviation in BHP.

The model assumes that no heat is stored in the working fluid,
due to which the transient behavior of the GSHP cannot be fully
captured by the model. The error of the daily average of values of
BHP is approximately 14%, which is less than the hourly values.
The model also assumes that the control of the GSHP is perfect.
However, there can be a significant difference between the control
objectives and the actual system. This was observed in the control
of the circulation pumps for the BHE. The control system aims to
prevent bypass flow in BP. However, from the measurements, we
see that there is significant flow in BP, especially in free cooling
with active cooling mode. The model also assumes that there are
no heat losses in the GSHP system, which is not true in practice.
The effect of heat losses was observed to be significant in HXH as
the measured power at HXH was different from the heat injected
into the ground.

Another source of error is faults in the actual system due to mal-
functioning components or measurement systems. The authors
detected some of the faults in the system using the measurements.
However, exhaustive fault detection was not performed, as it was
not in the scope of this study. Additionally at every time step
HPCoolTin (and HPCoolPower) are calculated iteratively, by mini-
mizing the residual of the power balance equation, using a nonlin-
ear optimization algorithm (Nelder-Mead simplex algorithm). The
minimization does not always find good minima. The residual of
the power balance equation was greater than 100 kW for around
6.9% of the points.

The explanation above provides some of the possible reasons
for the error in simulated BHP. As a consequence of the error, the
average deviation between simulated and measured data is
�47 kW. A deviation of �47KW in ground load could result in an
error of 6 �C while calculating the borehole wall temperature after
50 years, which is one of the criteria for selecting the improved
operation of BHE. Therefore, the borehole heat exchanger might
have some imbalance even in the improved operation. Hence
reducing the deviation will increase the confidence in the proposed
operational scheme. Some ways to reduce the deviation, like
improving the heat exchanger model, alternative ways to define
the thresholds for changing the mode, and including heat losses
in the model, can be explored in future work. The models can also
be improved by retaining the models as more data becomes avail-
able. The uncertainty in the measured data can also be reduced by
including more measurements, like the mode of operation, bypass
flow of the BHE, flow through HXC, etc. Additionally, usage of
faulty data for training and evaluation of the model can be reduced
using by maintaining a better record of faults in the system.

The validated model was used to improve the operation of the
GSHP system. In particular, the distribution of heating and cooling
from the GSHP and the district heating and cooling network was
improved. We showed that using the present operation scenario
would increase the borehole wall temperature over time. There-
fore, the power injected into the ground will decrease over time.
Hence, the preset operation scenario is not sustainable in the long
term. Section 4.4 shows that minimizing the annual cost of the
operation in the short term will decrease the borehole wall tem-
perature over time, and the BHE will not be able to extract the
same amount of heat in the future. Therefore, the improved sce-
nario presented in section 4.4 uses a penalty variable to ensure a
balanced operation of the borehole heat exchanger. In the
improved scenario the annual operation cost will reduce by 64 t€
and the CO2 emission will reduce by 92 tons with negligible change
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in temperature at the borehole wall over the years. The method to
arrive at the improved scenario described in section 3.5 can be gen-
eralized to any GSHP.

In this study, we reduced the cost of production of energy for
the energy company. However, the operation of the GSHP is han-
dled by the building manager at the hospital. This contradiction
highlights the need for better cooperation between the building
managers and the energy utility companies. The results of the
study show that both reductions of operational cost and stable
long-term operation of the GSHP can be achieved through such
cooperation. However, for the cooperation to be successful, the
benefits of the change in operation should be shared between
the energy utility company and the building manager through
innovative cost/business models.
6. Conclusion

An ideal operation of a GSHP system should reduce operating
costs and ensure that the performance of the BHE does not deteri-
orate over the long term. The lack of a reliable method to predict
short-term and long-term performance is a limitation for improv-
ing the operation of GSHP systems. This study addressed that chal-
lenge by using measured data to develop models that are both
accurate and simple. We used a hybrid analytical-ANN model for
the BHE, an ANN model for the heat pumps, and an empirical
model for the heat exchangers. The BHE model and the heat pump
models were demonstrated to be accurate, with an MAE of less
than 5%, while the heat exchanger model has an MAE of 17.6%.

The actual operation of a GSHP installation was simulated using
the models. The model of the GSHP system was validated using
four years of monitored data. The model had good agreement with
the measured data, the simulated compressor power had an MAE
of 7.8% and the simulated power of the borehole had an MAE of
19.1%. The validated model was used to improve the operation of
the GSHP system, the annual cost of the energy company for pro-
viding heating and cooling to the building was reduced while
ensuring a sustainable long-term operation. We showed that a
stable long-term operation can be achieved while reducing the
annual operation cost by 64 t€. The annual CO2 emission can be
reduced by 92 tons for this scenario.
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